As building blocks of microscopically non-homogeneous materials, semiconductor nanowires and polymer nanofibers are emerging component materials for disordered photonics, with unique properties of light emission and scattering. Effects found in assemblies of nanowires and nanofibers include broadband reflection, significant localization of light, strong and collective multiple scattering, enhanced absorption of incident photons, synergistic effects with plasmonic particles, and random lasing. We highlight recent related discoveries, with a focus on material aspects. The control of spatial correlations in complex assemblies during deposition, the coupling of modes with efficient transmission channels provided by nanofiber waveguides, and the embedment of random architectures into individually coded nanowires will allow the potential of these photonic materials to be fully exploited, unconventional physics to be highlighted, and next-generation optical devices to be achieved. The prospects opened by this technology include enhanced random lasing and mode-locking, multidirectionally guided coupling to sensors and receivers, and low-cost encrypting miniatures for encoders and labels.
Disordered photonics is a relatively new branch of optics which studies how microscopically nonhomogeneous materials, scattering light waves along random directions, can be utilized to highlight unconventional physics and to build novel devices. 1 The lengthscale of disorder in the material has to be of the order of the wavelength (λ) of light. Systems which can be useful in this respect include clusters of nanoparticles, inorganic semiconductor powders, colloids, polymers, biological tissues, aerosols of microdroplets, and porous glasses. [2] [3] [4] [5] [6] [7] [8] Important aspects which affect the behaviour of light in these systems are the elastic character of diffusion and the possibility of interference which is not lost even after multiple scattering events, since the phase of optical wavelets is kept well-defined. In this way, many disordered materials are able to provide coherent feedback for light, which, combined with sufficient optical gain given by stimulated emission from some part of the system, is what is needed for achieving lasing. This has led to demonstrating the so-called random lasers, 9 namely, laser sources built by non-homogeneous materials with optical gain. The active medium providing gain can be either inorganic 2, 3 or organic. 5, 6 Since an external cavity is missing, random architectures might greatly simplify the realization and reduce the cost of laser devices, especially for applications where low coherence might be desired, such as for speckle-free imaging. 10 Other target fields for random lasers include chemical and biological sensors, and medical diagnostics. For instance, cancerous and healthy tissues are found to show different random lasing spectra once infiltrated with dyes. 11 Some transport properties of light in these systems can be assessed through coherent backscattering, which highlights constructive interference of waves along momentum-reversed scattering paths, hence weak localization effects which may occur in the material. 12, 13 In general, each photon travelling in the disordered material performs a diffusive random walk assisted by multiple scattering events, similarly to particles in Brownian motion ( Fig. 1(a) ). 14 Unconventional diffusive behaviours (i.e., superdiffusion), with step lengths during the walk described by a power-law distribution which makes very long steps possible (so-called Lévy flight, Fig. 1(b) ), have been also evidenced in engineered, inhomogeneous materials made by glass microspheres and scattering particles with high refractive index (n) embedded in a glass host. 14 Coherent backscattering methods allow the strength of light scattering to be assessed and strongly or weakly scattering materials to be distinguished, by measuring the angle of the cusp which describes the intensity spatial distribution of backscattered light. In this framework, important relationships are those among the involved characteristic lengthscales, that is, the mean free photon path (l S ), which is the average distance travelled by photons between consecutive scattering events, and the transport mean free path (l T ), which is the average distance travelled by photons before their path becomes randomized and which can be measured by coherent backscattering. For three-dimensional (3D) diffusing materials, l T = l S /(1 − < cosφ >), where < cosφ > is the averaged cosine of the scattering angles. Measuring the transport mean free path at specific wavelengths allows one to estimate, through the well-known Ioffe-Regel criterion, 9 if weak or strong scattering occurs, i.e., if kl T > 1 (weak scattering) or kl T < 1 (strong scattering), where k is the wavenumber of light (k = 2π/λ). The kl T < 1 condition, which leads to the so-called strong localization or Anderson localization of light, 15, 16 namely, to high confinement of light in space, is very hard to fulfill in 3D optical materials. In fact, the spatial extent of optical modes in random photonic systems, especially in random lasers, has been widely debated in the literature. [17] [18] [19] More localized states, resulting from constructive interference in the material, would be much less susceptible to couple with other electromagnetic modes and to optical leakages, which would result in a higher quality factor than extended states. On the contrary, when coupling between distant modes occurs, some form of collective optical states can be measured in the system, with a high correlation of the spectra collected from different excited regions which evidences the so-called non-locality. 20 It is generally accepted today that modes with very different spatial extent might coexist in the same complex material undergoing random lasing, depending on local scattering properties as well as pumping fluence, directionality, spot shape, etc (Figs. 1(c)-1(h) ). 19, 21 The difficulty in strongly localizing light in three dimensions is one of the reasons which motivates research in disordered photonics to consider materials with reduced dimensionality, where spatial inhomogeneity in the optical media introduces additional confinement and where localization effects are more easily obtained. In this respect, complex materials which incorporate regions with n-contrast, which lead to light confinement in the parts with higher index, are especially interesting in view of merging disordered photonics with light waveguiding in unique devices.
The existence of random, high-n regions with preferential confinement of light, such as dielectric waveguides, has been proposed by Apalkov 22 to rationalize the occurrence of resonant feedback random lasing (producing spectrally very narrow emission peaks). 2 Indeed, spatial variations of the refractive index would result in the formation of random cavities, namely, random resonators in the optical material, which stochastically lead to the generation of resonant modes. A larger correlation radius of the disorder, related to the finite size of the scattering regions, would strongly favour the formation of closed loops with high quality factors. Hence, intentionally embedding components with waveguiding capability into disordered light-emitting materials can lead to systems with enhanced or exotic properties of emission, localization, and transport of light. This can be achieved by means of highly elongated particles, such as nanowires and nanofibers, with n values higher than that in the surrounding medium. Nanowires and nanofibers can be hierarchically organized into complex layers with varying degree of disorder or used as dopants within other matrices to build hybrid materials with tailored light emission or scattering. This perspective paper intends to highlight recent findings in the framework of disordered photonic materials based on complex assemblies of nanowires and nanofibers, and to shadow possible developments where these highly elongated nanostructures can offer added value to fundamental studies and applications.
In the following, by nanowires we will mean crystalline or semicrystalline nanostructures with diameter below 100 nm and high length-to-radius (L/R) ratio (axial ratio). They can be either inorganic or organic, their stiffness is considerable given their crystalline character, and they can be realized by various methods such as epitaxial growth, chemical vapor deposition, colloidal synthesis, and deep reactive ion etching. [23] [24] [25] [26] Instead, by nanofibers we will mean mechanically flexible nanostructures, such as polymer filaments, which have a prevalently amorphous structure at nanoscale and might exhibit extremely high L/R values. 27 Light-emitting nanofibers can be produced by selfassembly, casting of polymer solutions, polymerization methods, nanofluidics, synthesis assisted by either hard or soft templates, and electrospinning, 26, 28 which is based on the uniaxial elongation of a fluid jet driven by an intense applied electric field. [29] [30] [31] A common feature of these materials is that nanowires or nanofibers can be organized in almost two-dimensional (2D) layers and in turn serve as anisotropic, almost one-dimensional waveguiding or scattering elements. The waveguides formed by nanowires and nanofibers are often sub-wavelength, namely, they transport light at optical frequencies along their longitudinal axis, although their transversal size is well below the corresponding wavelength. 32, 33 For single nanofibers, the light-scattering properties can be sketched by considering infinitely long dielectric structures with cylindrical shape, under the Rayleigh-Gans approximation for relatively weak scatterers-as in the organic case-which requires |n 1| 1 and kR|n 1| 1. 34 The corresponding form factor, f (θ), which describes the angular distribution of the scattered intensity, is plotted in Figs. 2(a) and 2(b) for the case of incoming light at normal incidence with respect to the fiber longitudinal axis. The scattering form factor is given by 34, 35 f
where θ indicates the polar angle in the plane normal to the fiber length and J 1 is the Bessel function of the first kind with l = 1. Light with longer λ or thinner fibers leads to better diffusion at larger angles (Figs. 2(a) and 2(b)). When multiple scattering effects are scaled to disordered mats of nanowires, the response of the system to incident light becomes more complex, unusual broadband reflection or significant light localization can be achieved, with trapping possibly exceeding limits predicted by ray optics. 36 An insight into the transport properties exhibited by light travelling through random structures made of nanofibers has recently come from the study of the scales of Cyphochilus and Lepidiota stigma white beetles (Fig. 2(c) ). 37 While whiteness is generally produced by ambient light once it is diffused and reflected from relatively thick layers of disordered and strong scatterers, these coleopteras appear white due to very thin scales (thickness 8-14 μm). To this aim, they have developed dense and anisotropic chitin fibrillar networks, as those displayed in the scanning electron microscopy (SEM) image in Fig. 2(d) which, notwithstanding the quite low refractive index (n = 1.56), allow broadband reflection to be obtained. It is known that, when the spatial distribution of scatterers is dense above some threshold packing fraction, namely, when neighbour particles or fibers are very close to each other, the efficiency of light scattering should normally decrease due to the so-called optical crowding. Instead, by means of their fibrillar chitin networks, the scales of white beetles overcome optical crowding and show a transport mean free path as low as 1-2 μm, 37 which is extremely low compared to other organic materials. This is possible because some correlation is present in the angular distribution of fibers, which are prevalently aligned along a direction in the plane. Such specific configuration leads to anisotropic diffusion of light and to strengthening out-of-plane scattering. 38 It is clear that these biological structures can serve as a model to investigate how the transport of light works in other systems made by anisotropic networks of fibers organized in an almost in-plane configuration, such as epitaxially grown and pressed/partially planarized nanowires and non-woven membranes of electrospun polymer filaments.
In this respect, nanowires made of silicon or other inorganic semiconductors (Fig. 3) are especially interesting in view of improving light trapping in solar cells and allow very high scattering strengths to be obtained upon optimizing the wire dimensions and arrangement. [39] [40] [41] [42] [43] [44] Devices based on random Si nanowires have been reported to exhibit a peak external quantum efficiency of about 12%, with an optical reflectance lower by one to two orders of magnitude with respect to planar solar cells. 23 Various other reports have analysed the fundamental aspects of the interaction of light and disordered assemblies of semiconductor nanowires. For instance, fractal structures of Si nanowires fabricated by metal-assisted etching (Figs. 4(a)-4(e) ) are found to be very efficient in trapping visible and nearinfrared light, and to exhibit enhanced luminescence and Raman scattering. 45 In vertically aligned, disordered forests of nanowires obtained from Si(111) surfaces, fractal dimensions of 1.87 are estimated, and l T as low as 160 nm is measured by coherent backscattering, which makes this system one of the most strongly scattering materials. Another study, focused on GaP nanowires, has evidenced highly correlated transport of light through pressed mats, with the occurrence of strong and collective effects of multiple scattering. 46 Among possible enabled applications, the activation of nonlinearities is a tool to control destructive and constructive interference in shaped wavefronts by fs-laser excitation. 47 Enhanced absorption 42 is observed as well, even in nanocomposites 41 where nanowires are embedded within polymer matrices (Figs. 4(f) and 4(g) ). Layers of crystalline olygophenyl nanowires grown by molecular epitaxy or organic molecular beam deposition as those shown in Fig. 5(a) are another example, utilized to build random lasers. [48] [49] [50] Excited by the second harmonic of a Ti:Sapphire regenerative amplifier with 150 fs pulse duration, self-organized layers of para-sexiphenyl (p-6P) nanowires lase with narrow peaks (Fig. 5(b) ) arising from the 0-1 vibronic band of the oligomer (∼425 nm), and a threshold as low as 0.5 μJ cm 2 . 48 Intensity ratios of 10 dB are measured for the corresponding emission polarization anisotropy, with laser light mostly polarized along the length of nanowires. 50 Single nanowires might also show random lasing, with a threshold fluence below 12 μJ cm 2 , based on light scattering and partial reflections along their length due to small cracks or defects. 49 Flexible mats made by electrospun nanofibers with optical gain can be used to fabricate very cheap lasers in at least two ways. In one approach, randomly distributed resonators made by interconnecting fibers guiding light and forming closed loops produce deterministic lasing, with comb-like emission spectra (Figs. 6(a) and 6(b) ). 51 Our group is presently working to realize 3D random lasers based on non-wovens of electrospun polymer nanofibers, produced with either light-emitting, conjugated polymers or plastics doped with lasing dyes (Figs. 6(c) and 6(d) ). 52 In recent experiments nanofibers, even of biological origin, have also been combined with metallic nanoparticles to put plasmonic effects in the disordered photonic material into play. For instance, random lasers can be realized, which use flexible membranes made of bacterial cellulose fibrils and Ag nanoparticles. 53 fiber lasers might exploit plasmonic mechanisms for feedback, which is enabled by doping polymer filaments with metal nanoparticles. 54 Densely packed Ag nanorods in arrays, realized by a glancing angle deposition method and tilted at about 30 • with respect to a substrate, induce random lasing in polymer films doped with rhodamine. 55 Forming a plasmonic metamaterial, the nanorods assist the formation of confined laser modes and decrease the lasing threshold up to considerably high packing fraction (7% of metal). Metal nanoparticles can also be directly electrospun together with polymers, thus leading to achieve plasmon-enhanced random lasers. 56 For rhodamine-doped cellulose fibers embedding 10 nm Au nanoparticles, the threshold for lasing is found to decrease by 17% compared to fibers without nanoparticles (Figs. 6(e)-6(h) ).
On the base of this set of results, there are many forward-looking aspects inherent in using nanowires and nanofibers in random optical media. While the by far largest number of experiments in the field of amorphous photonics has been performed by spherical, isotropic scattering centers hitherto, important possible developments can be envisaged in the near future exploiting strongly anisotropic semiconductor nanoparticles or organic filaments, which are likely to open new perspectives for nanophotonic devices, such as the following: (i) Possibility of coupling light modes at different degrees of localization in the complex material with efficient channels for transmission, waveguiding the generated radiation and directing it, possibly multi-directionally, to external sensors or receivers; nowadays, materials conceived to this aim are becoming feasible, which would enhance integration of disordered photonics in device architectures. In addition, strengthening modal interactions can lead to mode-locking in random lasers, 21 which can be critically favoured by waveguiding components such as nanowires and nanofibers embedded in materials. These components may work as additional spectral selectors, favouring guided modes in the competition for lasing, or greatly help to obtain correlated random lasers and to possibly induce enhanced non-locality in the system. (ii) As previously mentioned, an eventual correlation in the disorder 57 in spatially nonhomogeneous materials can significantly affect optical properties. This makes greatly important engineering disorder and controlling correlations. 58 For instance, local correlations in the position of light-scattering particles can be achieved by exploiting electrostatic repulsion in charged colloidal suspensions. 59 This concept can be applied to polymer nanofibers in various ways, in order to tailor correlation and affect the photonic properties of the produced, disordered assembly. Both colloidal processing and electrospinning would in principle allow correlations to be obtained and to some extent controlled. For instance, electrospinning, where fibers are realized by means of electrified jets of polymer solution, is likely to induce correlations in the deposition patterns due to electrostatic interactions as those determining bending instabilities in the jets. 60 Predicting these correlations will allow reliable non-woven structures to be obtained, which would present high extraction efficiency for emitted photons, tailored localization for light in the organic material, or broadband reflection. (iii) Finally, random architectures can be embedded into individually coded nanowires or nanofibers. Optical necklace states, namely, non-localized modes with very high transmission, could be produced in the resulting, disordered one-dimensional materials. 61 Also, random lasers at single nanowire or nanofiber scale would also serve as highly miniaturized encrypting elements. Technologies to pattern individual light-emitting semiconductor nanowires or polymer nanofibers are already available, such as focused ion beam milling 62 and nanoimprint lithography performed at room temperature, 63 and they can be conveniently addressed to the top-down realization of single-fiber random lasers for encoding and labelling.
